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INTRODUCTION

This report (prepared by the test specimen supplier - Hexcel Products Inc., Berkeley,
California) is presented in compliance with our commitment to submit a Final Materials
Report outlining those experiments,developments, studies and other efforts related to
materials and their processing toward fulfillment of the technological requirements of
Contract No. NAS 9-2074. (Ref: The final engineering report submitted by Bendix
Products Aerospace Division in compliance with the above contract is No, SPP-65-107
"Energy Absorbing Characteristics of Crushable Aluminum Structures in a Space Environ-
ment' dated July 24, 1965)
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HEXCEL PRODUCTS INC.
RED Department

2.1

INTRCDUCTION

On Gctober 7, 1963, four Purchase Orders were received from
the Bendix Corporation, South Bend, Indiana, for the develop-
ment and manufacture of energy absorption cansules for their
evaluation and test program of the LEM vehicle landing gear.
Under NASA sponsorship, Bendix was to initiate a study of the
energy absorption characteristics of several aluminum honey-
comb configurations under different environmental conditions.
This program is discussed in the Bendix Aluminum Honeycomb
Specification dated September 12, 1963. Hexcel Products Inc.
was awarded the contract to develop and manufacture the honey-
comb capsules which were then to be tested by Bendix. A
description and discussion of the several configuration sizes,
core types, and loading characteristics is presented in
Section 3.1 of this report. Hexcel's development efforts are

discussed in Section 4.1.
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\
‘ 1,1 ABSTRACT

This report presents an outline and detailed discussion

|

; of the development effort, and fabrication techniques
used for nine different configurations of a cylindrical
honeycomb energy absorntion capsule. These cansules

* were fabricated for the lendix Cornoration, who was to
conduct a test program of the capsules under NASA
sponsorship. Because of adverse crush characteristics
experienced during the development phase, several con~
figurations were modified in size without necessarily'
deviating from the original concept of each configuration.
. This program has led to a better understanding of the
energy absorption characteristics of various honeycomb
core types and has resulted in establishing some critical
factors to be considered in the design of slender, crush-

| ahle honeycomb columns.




S HEXCEL PRODUCTS INC.
RED Department

3.1.0

PROGRAM OUTLINE AND DBJECTIVES

In accordance with Bendix' requirements, this program was

divided into four phases each with a separate Purchase Order

number,

3.1.1 The first phase (P.0, 422026H) involved making samples

3.1.2

for each of the nine configurations requested. Based
on a limited amount of background information, the
design and fabrication methods were established for
each type. Table I nresents the original Bendix re-
quirements and Hexcels suggested desipn and fabrication
methods, After Bendix' anproval, these were the
designs selected and a six-inch long sample of each
tvpe was made of available material and shipned for

Bendix' visual inspection.

The second phase (P.0, 422027H) required fabrication of
six-inch long parts of each tvpe which were made of
materials such that they would meet the required crush
characteristics. All tvpes had to crush at a static
load betwemn 5100 and 5900 1lbs.; for each configuration,
the average load was not to varv more than M 5%. After
Hexcel's static testinm, four of these "“nreproduction"
samples were to be delived to Bendix. It was at this
point that considerable difficulties were encountered;

this is discussed more fully in Section 4.1,
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3.1.0  PROADAM AUTLINE AND OBJDCTIVLS CNNTID,

3.1.3 Upon release bv Bendix, based on their tests of the six-
inch long cansules, the Ffabrication of full-lensth capsules
would start as phase three (P 422023H)., Ten narts of
each configuration were to be made for this nhase. Ind
cuts were to be taken, tected at Hexcel, and the '"peak"
load and static crush curves to be sunnlied for each part
to Bendix. The requirement for full-length capsules was
that thev were to have a stroke of 40 ::80 inches, which
would mean that the total length would depend upon the
percent stroke for each core tyne., This, in fact, varies

between 75 and 80% as was experienced and shown in Section 4.1.

3.1.4 The final phase consisted of fabricating 33 parts of two
configurations, and two parts of two other configurations
to be selected bv Bendix after their testing and evaluation
of the 90 capsules supnlied in phase three. The release
of this phase (P.0. 422020H; Amendment No., 3) was siven bv

Bendix on April 2, 1965, The parts requested were as

follows:
33 Parts S7Y 16&C Issue C
33 14} 167C " D
2 " 1688 " C
2 ' 168C " C
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The following sections present a detailed discussion of
the development efforts by Hexcel in order to obtain
capsules as originally recuested, the difficulties en-
countered, methods and attempts made to overcome the
problems, changes suggested and made in configuration
details, and data obtained on the various core tvpes
fabricated.

The sections are broken down by configuration as out-
lined in Table I. TFigures I-A through I-F show
photographs of tvpical modes of failures experienced
in the development phase. Each type is discussed in

the text.




TABLE I

CONFIGURAYION SUMMARY

' ORIGINAL MODIFIED (FINAL)
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Fig., 1-A Failure of 3"0.D. - 2"I.D. cylinder made from
15-0-15 CROSS-CORE wrapped with glass reinforced
tape.




Fig. 1-B Failure of 6.8"0.D. - 6.0"I.D. cylinder 30-0-30
CROSS-CORE wrapped with glass reinforced tape.




Fig. 1-C Failure of helically wrapped cylinder.
corrugated strips 2" wide wound into 6.8"0.D,
- 6.0"I.D, cylinder.

1/8"
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Buckling of 6.8"0.D., - 6.0"I.D. spliced cylinders.

11




Fig. 1-E

Close up of crushed cylinder 3.0"0.D.
2,0"I.D. 30-0-30 CROSS-CORE with 1/u4
section cut out to show detail of
crushed material.

12




-

Fig., 1-F Buckling failure of a 30-0-30 CROSS-CORE
cylinder spliced with ,032" skin interface
3.10"0.,D. - 2,00"I.D, == 11'"T.
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Fig, 1-H Buckling of a 47"T specimen SPX168-C made of
sinusoidally corrugated AL-5052 foil.

15




Fig. 1-J TFailure of V-splice of 2 x 4" CROSS-CORE
30-0-30.

blocks

16
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* HEXCEL PRODUCTS INC.
*RED Department Job No, 2570

6-1/4"0 .0, - SOLTD EXPANDED
HONEYCOMB

¥,1,1 CONFIGURATIAN III-C

This configuration was made of Hexcel's regular expanded honevcomb,
AL 1/8-5056-,0009. After expansion, the core was cut intce blocks
which were then turned on a luthe to a diameter of 6-1/4". It was
originally expected that etching or annealing of the specimens would
be required to reduce the crush strength to 180 psi; however, it was
found that the ! 1/8" tclerance on 7.0, was sufficient to provide
parts with an average crush load of 5500 1bs. In additi-n, it was
found that slight overexpansion would reduce the stre’.gth to the re-
quired values. Figure 2 shows a tvpical load defl-.ction curve for a
six-inch long specimen. No’e that the load fluctuations are very
small and that the strole was 78%.

Difficulties were ercountered in making the 52" long capsules. Present
production capabilities limit the thickness or "T" of expanded
honeycomb to about 27", Hence, splicing sections would be required.
To determine the effect of splicing on erush characteristics, test
specimens were made of three six-inch "T" sections spliced together
with a .005" aluminum skin and Shell Epon 307 adhesive, The ends of
each section were precrushed prior to bonding in order to eliminate
peak load during the transition from one section to the next. Figure

shows the crush load curve for a spliced specimen . It can be seen

17
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CONFINURATION III-C CONT'D,

that the transition at the splice is uniform with only a minor

change in crush load.

Because of this finding, the lonpg carsules were made by this method.
Three sections, each being approximately 17" 1long, were spliced to-
gether using a .012" thick aluminum skin at the splices. The first
three capsules were made using Shell Fpon 807 adhesive, The remaining
seven capsules were bonded with Shell Epon 9331 adhesive because of

the plus 300°F environmental temperature requirement,

Despite the early successes with the short six-inch "T" spliced
sections, both at Hexcel and at Bendix, it was found that the long
capsules would buckle during testing. For this reason, new capsules
were made using only two sections about 27" long. Cylinders made this
way and precrushed at the ends and not at the splice, exhibited uniform
crush characteristics.

An additional Bendix requirement, which was not realized until March,
1964, is the use of a perforated plate in the splice to allow passage
of gases from one section to the next. In subsequent capsule fabrica-
tion, a perforated skin was used during bonaing.

For future applications, expanded honeycomb could possibly be made of
the full 52" T giving a one~section cansule; however, this would require
design and construction of new equipment and some degree of development

work ,

18
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’ L&D Department Job No. 2570
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TUBL cnwrp (R)

This type is made by the spiral wrapping technique. Using a 2" mandrel,

a flat foil and a corrugated foil are wrapped simultaneously around this

mandrel until the desired 3" diamater is reached. The adhesive is aprlied

to both sides of the corrugated foil before wranning,

One of our major difficulties in producing this type to meet the desired
crush strength has been the apnlication and control of the amount of the
adhesive, The original adhesive was 3M's EC-1386 diluted 1 to .67 MEK,

It was applied with an electricallv driven roller apnlicator, Because

of the evaporation of MEK during this process, the viscosity variations

resulted in non-uniform and non-repeatable adhesive application.

and less subject to changes in viscosity, This adhesive ., is Reichhold's

Epotuf (Code #SF-5473-1), Even with this adhesive, the crush strength

variations were noticeablvy larse. The fluctuations are apparently

caused by the amount in the node,

The sketch below is reproduced from a microphotograph of the node of two
. . . . (R)

corrugated foils and the thinner flat interleaf foil., This TUBE CORE

was made with the low viscositvy Frotuf adhesive. The sketch illustrates

the non-uniform "sandwich" thickness and the fillet produced by the

adhesive,

INTERLEAF

FOIL \

- CORK . FOIL

' Therefore, we decided to use a different adhesive which was premixed

(3]
[

S
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4,1,2 CONFIAURATINN I-C CONT'D,

Fipures 4, 5, and € show the variations obtained even with this

Evotuf adhesive.

In addition to controlling the adhesive apnlication, the outer
skin wrap and a few nodes were removed from the cylinders to
obtain an average crush strength between 5100 and 5900 1lbs.

With the presently available equipment, hexagonal corrugated foil

can be produced in widths up to 11" wide. Hence, in order to make

the tall cylinders which have a stroke of 40", several sections

have to be spliced together. Some preliminary snliced test samples

were made. One set was made bv cutting the ends to a 10° camber and

l bonding the mating ends. (See sketch below)

Another splice was made
with a .012" inceriace, and one more with a .032" foil interface to

stabilize the ends. In each case, however, the specimen buckled at ’

one of the splices. Figure 7 shows the result.

el

10° CAMBER =F" INTERFACE

Figure 8 shows that an internal splice obtained bv butting the ends of

corrugated foil directly together, is also unsatisfactory. Instead of

the usual folding of the foil, the butted splice split and the sections

slid past each other breaking and tearing up the in and outside walls.
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4,1,2 CONTIGURATION I-C CONT'D.

All of the above static crush tests were made with the specimens

unsupported. Subsequentlv, a test sleeve support of the same inside

and outside diameters as that used bv Bendix was fabricated.

Several spliced specimens were tested in this support. Because of

the excessive clearance between the 3" 0.D. annular configurations

and the 4,62" I.,D. of the support sleeve, however, additional means

of supporting the specimens were considered.

For these room temperature tests, wooden rings were made to fit just

below and above ecach splice as shown in the sketch below. During

crushing, however, the side loads were so great that the rings actually

cut into the core and buckling was still initiated. Vertical bars,

supporting the specimen for the full length, were also unsuccessful

SLEEVE .. SUPPORT
‘. BARS
. RINGS
.- SPECIMEN ?

Finally, a 3" I.D. sleeve in which a spliced spccimen fitted snugly was

tried. Figure I-7 shows two such specimens after testing. One crushed

rather uniformly, but the other still buckled at a splice which resulted

in a drastic drop in crush load.

")
(%]




HEXGEL PRODUCTS INC,
RED *Department Job No. 2570

k,1,2 CONFIGURATION I-C CONT'D,

During the period of this develooment work of splicing TUBL CORE
sections, Hexcel's Engineering Denmartment was considering modifi-
cation and improvement of another tvne of corrugator which would be
able to corrugate foil up to 70" wide, This machine, however, would
only be able to corrugate a sinusecidal pattern such as used in the
paner industrv. The depth of corrugation is aprroxmately 3/32",

After corrugating a few hundred feet of foil with these rollers, a

few pieces of TUBE CORE were made and tested. After some deliberation
and consulation with Bendix, it was decided to make this "Configuration I-C"
using the sinusoidally corrugated material and make the parts in one
gsection,

At this time, 5056 aluminum allov was only available in storage in

1.4 mil and 2.6 mil gauges of the 61" wide web. After trying combina-
tions of these foil gauges, it was found that the only way this configu-
ration could be made to the desired crush strength was to use a double
sheet of 2.6 mil foil as the interleaf material and a 2.6 mil foil for
the corrugated material. The adhesive used, again, was Epotuf

(Code SF 5473-1).

As was diecussed previouslv, difficulties still remained in obtaining
the correct crush strength. As a consequence, the TUBE CNARL narts

made were tested statically and as reauired were modified to give 5500 1b.

crush load. This modification would amount to removing or adding some

24
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CONTICUDATION I-C CoNT'™

-

of the outer wrapping. The final narts were wraoped with a glass

filament tape obtained from the 3 Company, Number 870, This tape
is effective in preventing peelins of the outer wranpings without

effecting the crush strength. The tane is guaranteed tc be good

up to 300°F, Tigure 9 is a load deflection curve of one of these

parts provided to Bendix.

25
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B.5"0.. - 6,01, SPINAL VQA?E%E
TUBL CORE
4,1,3 CONFINURATION TI-C

With this confipuration, similar oroblems have been encountered as

with Configuration I-C.

Tigure 1C shows the test results of the

snliced specimen. The unstable wall caused inward buckling as

shown in the sketch. This instabilitv was also cbserved in some

non-spliced six-inch "T" specimens.

After some preliminary theoretical work, it was found that this

instabilitv was possibly caused br Luler buckling. As a consequence,

a mutual decision with Bendix was made to develon a TUBE CORL of a

cross-sectional area which would be of a stable configuration, Several

dimensions were tried and after agreement with Bendix, the final

dimensions were selected to be 5-1/2" 1.D, and 7-1/4" 0.D.

Again, this configuration was made using the sinusoidally corrugated

material in order to provide full-length TUBE CORE parts. The foil

combinations used were 1l.% mil, flat foil; and 1l.4% mil, coPrugated

material., Again, the adhesive used was Epotuf., These parts were

also wrapned with 3M's No, 870 Filament glass tare. Figure 11 shows

the typical load deflection curve for the end niece taken from one

of these capsules provided to Bendix,

32
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4,1.,4 CRNSS-CORE CHARACTERISTICS

CPOSS-COPE has been considered for energv absorprtion applications,

however, our tests have shown that its crush characteristics are not
9

as uniform as resular honevcomb or sniral wranned core, The CRNSS~

CORE that exhibited this non-uniformitv was made in the following

manner,

Initially, a suitable jig for holding the successive corrugated foil

pieces was constructed. The foil used was one with 1/8" corrugations.

The placement of the foil pieces denends on the CROSS-CORE twpe. For

example, for the type denoted as 30~0-30 CRNSS-CORE, the placement was

as shown in Figure 12. The first foil piece was nlaced with its corruga-

tions at 0° with respect to the reference axis; the following foil

niece was placed with its corrurations at an angle of +30° with the

reference axis followed bv a piece with corrugations at an angle of -30°

with the reference axis; then this sequence was repeated starting with

the 0° inclination again. Each of the corrugated foil pieces hed the

adhesive applied to both its faces prior to placement. After building up

the core block in the manner described above to the desired size, the

block was cured at 350°F under sufficient oressure, 7This bonded block

was then trimmed and specimens of the required shane and size were cut

from the core block.
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4,1.4 CROSS~CORE CHARACTERISTICS CONT'D,

This procedure was followed for the fabrication «f all CPOSC-

CORE types, the mode of placement being denendent on the de~

sired cell orientations, ONur tests have shown large force

fluctuations and significant lead drops at the beginning and

end of the stroke with this CROSS-CORE, Fipure 13 shows the

lcad curve of a 2" x 4" test cut of AL 1/8 -5056- .0034 CROSS

CORE (30-0-30) which demonstrates this phenomenon. Figure 1l

shows the periodicitv of the fluctuations exhibited. The curve

of Figure 14 is drawn from that of Figure 13 by eliminating the

secondary fluctuations, A possible explanation for the observed

phenomena may be as follows:

An examination of Figure 14 shows that the period of fluctuations
corresponds closely to the theoretical vertical distance between
nodes, h2. In this distance h2, the compressive strength is not

as great as that for the bonded section and the foil would buckle

more readily and under lower loads. The drop in load towards the

end of the stroke is probably due to the unsupported foil ends.

The distance hl is the maximum possible height where the corrugated

foil is not bonded and this mav result in buckling at a lower

lcad.
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CROSS-CORE CHARACTERISTICS CONT'D,

The pattern shown in the sketch of Figure 14 does not necessarly re-
peat itself from layer to layer. When the block is laid up, the
corrugated sheets oriented in the same direction may have their nodes

offaet., This is best illustrated by the sketch below.

VERIWAL SHEET
= ‘::_m_,3c;

=30
m NEXT VERTICAL SHEET

The pattern is shifted right or left as the layers are builtr wp. This

results in a random distribution of the bonded nodes, and less violent

peaks during crushing. Because of the randomness, however, the load

curve is not the same from specimen to specimen and the fluctuations
observed are erratic. |

With low-density CROSS=CORE (0 to 8 pcf), an additional problem was
encountered, The stroke (distance of head travel with respect to
initial specimen height) was less than the usual 70 to 80%. Feor example,
one block of 30-0-30 core made with ,0009" foil had a density of 5,60 pgf
and a stroke of only 50%. The mechanics of crushing CROSS-CORE IS com-
plicated as discussed. Apparently, what haopens with the low-density
core is that the unsupported foil buckles and folds over but the bonded
nodes remain undisturbed in their same relative position. Thus, only the
unbonded ribbons contribute to the crushing action,

To overcome this problem and make the distribution of bonded areas more

uniform, the core was laid up with a flat foil interleaf between each

37
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CROSS CORE CHARACTERISTICS CONT'D.

corrugated sheet. Thus, the whole ribbon of a corrugated sheet was

bonded to a flat foil. This improved the crush characteristiecs

significantly, particularly for the 15° cell-oriented core. However,

the fluctuations were still excessive.

Figure 15 is a plot of percent stroke versus density for several CROSS

CORE blocks with and without the flat interleaf. It can be seen that

despite the improvement with the interleaf, a large amount of scatter

still exists. This makes it impossible to predict with reliability,

the overall specimen length required to give a specified stroke length.

Figure 16 shows the variations in crush strength with density, Again,

2 large amount of scatter exists making it difficult to specify the

density for a required crush strength.

The fluctuations of crush load from the average have always been more

than z 5%, 1In fact, as Figure 17 shows, the fluctuations have been as

high as 17%. These fluctuations have hean very randem and

e s RIS & ull?“
On the average, however, the fluctuations have been higher for the core

with flat foll interleaf.

Because of the above mentioned difficulties, a decision was made with
Bendix to eliminate the requirement that the fluctuation should be

+
within - 5%, As long as the average crush load would be within the initial

range, the core would be passable. With reSpect to the difficulty in
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4,1,4 CROSS CORL CHARACTERISTICS CONT'D,

obtaining CROSS COREL of the exact crush strength requirement, an
approval was obtained from Bendix to make the CROSS CORL configu-
rations of such dimensions that thev would meet the 5500 1lb. crush

load. This is discussed more fully in the following sections.
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METHOD OCF CROLS-CORE LAV-UP

30-0-30

REF, AXIS

/7 R - \\ \
A ] 2 ™~
d w
/ ;\} z
<l G
21 ud
N |
~ :
7
~ f
NN v
Y ~ / / ,
N \\ <
~ .

i, M
FOIL 13 CORRUGATER /g DEEP CORRESPONDING
TO /' CELL =12E. '

THE CROSS-CORE 192 LAID-UP WITH ONE SHEET
VERTICAL , THE NEXT WITH 1TS CELLS +30° FROM
THE VERTICAL, AND NEXT WiTH ~30° FROM THZ
VERTICAL. THEN THIS ORDER 'S REPEATED.

THE SAwWME METHOO APPL (ES TO IT-O-1F
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. HEXCEL PRODUCTS INC.
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P64

o. 2570

CONTIGURATION I-B 3"0.D., -~ 2"I.D,

(30-0-30)

The intitial attempts at making this configuration out of CR0OSS CORE
material were unsuccessful in meetins the required crush characteristics,
The foil pauges used were very small and the amount of adhesive used

was inadequate to support the shearing loads during crushine, As a

consequence, the cylinders would buckle and collapse. Such a specimen

failure is shown in Tigure 18, Subsequently, a thicker coat of adhesive

was used and the foil gauges increased,

An attempt was made to hold the cylinder walls together and prevent the

eliding and folding tendency by wrapping and bonding foil to the inside

and outside of the cylinders, Although this resulted in an improved

stability of the walls, the crushing of the haavv foil added peaks to

the load curves during crush testing (see Figure 19), Fach of the six

peaks seen in the Figure 19 corresponds to a fold of the foil,

Following this, another attempt at stabilizing the cylinder wa

..... ]’.‘—v--“" .

made by wrapping a glass filament tape, Scotch Tape No. 898, around the

cylinder specimens. This gave satisfactory results., The tape has a

high tensile strength, but does not contribute to the crush strength.
Subsequentlv, it was decided that all the CR0OSS CORE specimens would

be wound with filament tape. In order that the tane maintain its strength

at higher temperatures, the #899 tape was decided to be substituted by

the #870 tape which can endure 300°F,
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CONTIGURATION I-B CONT'D,

Ve next directed our efforts towards obtaining the desired strength

characteristics by increasing the foil gauge to .0034" and applying

the EC-1386 adhesive undiluted. Thig gave a core density of about

12.5 pef. The cylindrical specimens made in this manner were machined

to three different outside diameters:

3.10", 3.00", and 2.90". The test results with these specimens are

seen in Figure 20 which shows the resulting crush leads for the

different cross sectional areas, The observations resulted in the

selection of 3.10" 0.D, - 2,00" I.D, as the final dimensions for the

specimens.

Figure 21 shows a crush load deflection recording of one such specimen,

The average load is 5500 1lbs. but the fluctuations are as much as 9.3%

+
which is much more than the allowance of - 5%, Dnespite this fact, a

shipment of four similar 6" T specimens was made to Bendix with the

understanding that this fluctuation is inherent to the core and cannot

be overcome at this time.

In order to fabricate capsules 54" long, the initial attempts were made

by splicing shorter sections, While testing a spliced specimen, it was

observed to buckle at the splice. To counteract this problem in another

attempt, the sections were machined carefully, precrushed and bonded

around a 2" 0.D, mandrel. A .032" skin was used as a splice interface,

However, despite the careful alighment and bonding, this column also

accepted buckling (see Figures I-F and 22).
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Jobh No, 2570

4.1.5 CONFIGURATION I-B CONT'D.

Another splicing attempt was made with several rectangular CROSS CORE

blocks. The ends of these 2" x 4" blocks wepe cut into a V-shape and

mated together as shown in Figure 23 without pre-crushing the ends.
The idea behind this type of a splice was that the crushing action

would gradually transfer through the splice without producing large

fluctuations in the crushing load. This is what actually happened as

seen in Figure 23; however, when passing thré&gh the splice, some node

failures occurred and the specimen began to crush at an angle, (See

Figure I-J) This accounts for the gradual drop in crush load and

failure of the specimen.

The final splicing technique used was to incorporate the splicing of the
12" wide corrugated material into the block as laid up; in other words,

the corrugated sheets were butted during the jay up with the spliced

position varying throughout the block. The machining of the I.D. and

0.D. was then performed on a 54" long block. The 2" I.D, was machined

by die punching the full length, the 0.D. was machined on a lathe to 3.1",
Test slices were taken from each nart and after obtaining the test curves

it was realized some parts still had to be modified somewhat to raise the

crush strength to the required 1400 psi, This was done by dipping the

entire column in a diluted solution of EC-1386.

After dipping and modifying the full-length narts, thev were retested to

confirm meeting the 5500 1b. crush load. These parts also were wrapped

with 3M's No. 870 glass filament tape. Figure 24 shows a typical load

deflection curve for an end piece taken from one of the capsules provided

to Bendix.
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* HEXSEL PRODUCTS INC.

RED Department Job No., 2570

4,1.,6 CONFICURATION I-A

3" 0,D. - 2"I.D. 15° CELL
ORIENTATION

Until the use of a flat foil interleaf was considered, as discussed

in the "CROSS-CORE Characteristics" section, the 15° orientad CRNSS-

CORE cylinders which were tested exhibited very unsatisfactory crush-

ing characteristics. Without the interleaf, the cvlinder walls buckled

and folded over non-uniformly resulting in wide fluctuation of the
crush load,
The initial specimens were made of the 15-0-15 CR0OSS~CORE type, using a

light foil gauge and a thin application of diluted EC-1386 adhesive, A

typical load curve and the resulting failure observed in these low-density

cylinders are shown in Figure 25.

One reagon for such behavior is the distance "ho" (see Tigure 14) of un-

<

supported foil between nodes.

Y

In order to reduce this distance, the sheets
were laid up in a 15-15-15 pattern instead of a 15-0-15 pattern by eliminating

the sheets with corrugations at 0° to the reference axis and alternating

the +15° and -15° sheets. The sketch below illustrates the reduction in

"h2" obtained in this manner., In addition, the foil thickness was increased

and undiluted adhesive was applied in an effort to obtain the desired crush

load. Another solution attempted was wrappine the specimens with 898 filament

tape, However, in snite of these efforts, the cviinder walls still ex-

hibited buckling and folding. The load curve and the drop off in load under

these circumstances are shown in Tigure 26,
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%4,1,6 CONFIGURATICN I-A CONT'D,

On examination of the specimen failures, it was noticed that all of

them occurred in the direction pervendicular to the ribbon (see sketch

below). The reason for this was believed to be the non-symmetrical

orientation of the cells with resrect to the specimen centerline. To

counteract this, some specimens were made from six sections cut at 60°

and bonded together, with the rilbon in each section pointing towards

the center.
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S ~—b
SOLID CORE GO° SECTIONS
BONDED

The specimens prepared in this marner were machined to three different

diameters, wrapped with tape and tested. However, the results were again

disappointing. The load curves of six such specimens are shown in Figure 27,
A photograph of the type of failures for specimen numbers 1A-10 and 1A-15

is seen in Figure I-A.
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4,1,6 CONFIGURATION I-A CONT'D.

Another method that was attempted for fabricating specimens of this

capsule tvpe was “helical wrapping”. This method involived wrapping

narrow corrugated foil strips around a mandrel. The angle at which

the strips were wrapped was 15° as illustrated below,

On testing, however, this type of core was found to have extremely

poor crushing characteristics. During loading, the edges of the strips

cut into each other and folded over, producing unfavorable results. The
actual test results obtained were shown in Figure 28 and no uniform

crushing was obtained with this type.

Finally, the idea of using a flat foil interleaf occurred to us and

was tried out. Figure 29 is a crush load recording of two cylinders

made in this manner. The first specimen again failed by folding over

at the edges but the second one crushed uniformly for the total length.
The load fluctuationsg, however, were

still found to vary as much as 1lu%

from the average.

This configuration also was finally made bv interleafing the splice in
the block during lay up and then machining the I.D. and 0.D. as discussed

in Section 4.1.5. Despite the fact that in some cases this 15° oriented

58




T+t HEACEL PRODUCTS INC,.
RED Department

e -
Tob 257
.

4,1.6 CONFIGURATION I-A CONT'D,

CROSS~CORE exhibited buckling during crushing, it was helieved to be

the best effort Hexcel could provide in making this configuration to

the original requirements. Figure 3C, again, shows a tvpical load
deflection curve of a short end sampies taken from one of the parts

provided to Bendix. Althcugh this is a short section and exhibits a

fairly good crush curve, subsequent tests bv Bendix indicated that for

the long capsule buckling was still occurring.
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. HEXCEL PRODUCTS INC.
RED Department Job No. 2570

.

4,1.,7 CONFIGURATIONS 2A AND 2B 6.8"0.D, - 6.0"I.D, CROSS CORE

Much difficulty has been enoﬁ;feved with these configurations. The
initial attempts with CROSS CORE were completely unsuccessful for these
configurations. Instability of thin walled core caused buckling and
folding of the cylinder walls as soon as the crushing load was applied.
Figure 31 shows the load curve of two specimens made from 30-0-30 CROSS
CORE. The cylinders were made from six 60° sections bonded with the foil
ribbon in each section pointing towards the center following which the
0.D. and I.D. were machined. The specimens were wrapped with 898 filament
tape. Figure IB is a photograph of the type of fallure encountered,

Helical wrapping of this type has been completely unsuccessful due to

photograph of the results. Note, a section has been cut out to show the
ingide details,
An agreement was made with Bendix to investigate the effect of increasing
the wall thickness in an attempt to eliminate this instability. At the
same time, the use of an interleaf foil would also be tried out for these
configurations. To this effect, four sizes were chosen for this comparison,
all with a 5.5 I.D. viz:

a., 6.30" 0.D.

b. 6.62" 0.D.

c. 6.,94" 0,D,

d. 7.286" 0.D.

l‘ the folding of the foil edges as described previously. Figure IC is a
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CONFIGURATIONS 2A AND 2B CONT'D,

The first attempt of this comparison was made with heavv-density
core, It was found that all the 6-1/4" T specimens crushed without

buckling but the loads were too large to make the comparison valid.

The second attempt was made with lower-density core, the interleaf
foil added. Figure 32 shows the load recording for the 6.52" 0.D.
specimens. The specimen crushed well but because of the interleaf

foil, the core strength was still found to be well above the desired

5500 lbs., The load fluctuations were as high as 9.1%.

Because of the difficulties in obtaining specimens that would not
buckle and also have the desired crush strength, a second agreement
was made with Bendix that Hexcel would attempt to make specimens

of such dimensions that buckling would not occur and that presently
available foil gauges could be used. This necessitated increasing
the cell size for a 1/16" depth corrugation to a 3/32" depth corruga-
tion. Again, by interleafing the butt splice during the lay up of the
core, the capsules could be made the full length without and difficulties
of splicing sections together. Capsules were fabricated in this manner

and shipped to Bendix. Figure 33 shows an end sample from one of these

capsules.
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<

5=-1/8" SOLTL CROSS-CORE
4,1.8 CONFIGURATIONS 3A AND 33

These configurations required a crush strength of oniv 180 »si which
necessitated using a verv low-densitv core. The thinnest available
AL 5056 foil was .0009" gauge. Although this foil has been very
difficult to corrugate and handle, we were finally able to make some
CROSS~-CORE with it.
As discussed in the general "CRUSS~CCRE section, low density, CROSS-
CORE behaves very strangly during crushing and may pesult in a stroke
of only 50%., Figure 34 is a crush load recording of such a test specimen.
The stroke of this particular sample was only 40%.
To overcome this difficulty, a flat foil interleaf wasz used. This pro~
duced a stroke of 70 - 80% but increased the crush strength,
The lightest density core we have been able to make using the specified
1/16" corrugations was with ,0009" corrugated foil, .0003" interleaf,
and a thin coat of Epotuf adhesive, The crush strength of this core was
350 psi which is almost double the desired strength.
Because of these difficulties, a2 decision was made and approved by Bendix
to increase the cell size from the 1/16" corrugation to 1/4" corrugation
and to use a flat foil interleaf, Small blocks were initially laid up

. to verify the design crush strength, Additional six-inch samples made
this way were provided to Bendix. Although the crush strength of this

material was significantlv decreased, it was still somewhat above the
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4,1.8 CONFISURATIONS 3A AND 3B CONT'D,

180 psi requirement; in fact, for Configuration 3A, the average crush
strength obtained was approximately 225 psi and for Configuration 3B,
205 psi. Based upon these values, the capsule diameter was decreased

to give a crush load of 5500 pounds,

The long capsules were made using these dimensions and laying up the
block by interleafing the butt splice and machining the entire cylinder
from one block.

Figure 35 shows a load deflection curve for an end sample for one of
these parts, Notice that this core still exhibited large variations in
crush load. In fact, Bendix' test of the full length configurations re-
sulted in major catastrophic failures which indicate that this low density,

CROSS-CORE is not very suitable for energy absorption.
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5.1.0 CONCLUSION

This program for the design, development, and fabrication of
honeycomb attenuators for energy absorption has resulted in

a more advanced and broader understanding of the many variables,
phenomena, and core characteristics associated with aluminum
honeycomb as a media “or energy absorption. When this program
was initiated, it was thought thet the "state of the art" was
adequate to specify in detail the requirements for this test

series; howvever, during the develonment phase, it was soon

realized that the first suggested design and statement of

encountered, the attempts to overcome these failures, the
consequential new-product developments, and the final success-
ful fabrication techniques as discussed in Section 4,1 of this

report, can be summarized as follows:

1. The most efficient honeycomb core for relatively low
crush strength levels (150 to 500 psi) is regular ex-
panded honeycomb. Solid six-inch cylinders of this
type have resulted in energv absorption capsules

with an exceptionally smooth crush resnonse,

I
| 'I
' work needed several modifications. The many types of failures
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S5.1.0 CONCLUSION CONT'D.

2.

Solid cylinders of CROSS-CORE exhibited better
crush characteristics in the higher crush
strength levels than in the low strength
range. The use of light density CROS5-CORE,
under static and dynamic locading, resulted in
catastrophic failures in buckling and an
angular shear plane. CROSS-CORE is difficult
to fabricate to a specified crush strength

level,

Annular cylinders for energy absorption can best
be made of TUBE CORE, a vertically oriented cell
honeycomb specificaily designed for this purpose.
This core‘can be made to operate successfully
between crush strength levels ranging from 500 to

5000 psi.

The physical dimensions of the capsule are extremely
important in obtaining uniform crush characteristics.,
Thin-walled cylinders of large 1?; ratios tend to
buckle and deform excessively during loading. No
specific eriteria has as yet been determined but care
should be exercised in the design phases to provide

maximum cross-sectional areas.
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5.1.0 CONCLUSION CONT'D,

5. Splicing sections together to obtain long capsules
should be eliminated because of the inherent problem
cf buckling at the splice, If absolutelv necessary,
a single splice without precrushing the sections

has proven successful.

Additional findings include the following:
a., Wrapping the capsules with a glass filament tape
prevents peeling of the "dog-ears" or outside cells
without effecting the crush strength.

b. CROSS-CORE made with a flat sheet between each
corrugated sheet results in more uniform crush
characteristics.

c. Crush strength can be reduced by annealing aluminum
honeycomb at 450°F; increased by dipping or spraying

adhesive on the outside.
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5. Splicing sections togetner to obtain long cansules
should be eliminated because of the inherent problem
of buckling at the splice, If absolutelv necessary,
a single spiice withour precrushing the sections

has proven successful,

Additional findings include the following:
a. Wrapping the capsules with a glass filament tape
prevents peeling of the "dog-ears" or outside cells
without effecting thJ crush strength.

b. CROSS-CORE made with a flat sheet between each
corrugated sheet results in more uniform crush
characteristics,

c. Crush strength can be reduced by annealing aluminum
honeycomb at 450°F; increased by dipping or spraying

adhesive on the outside.



